Absence of aquaporin-4 water channels from kidneys of the desert rodent Dipodomys merriami merriami. Am J Physiol Renal Physiol 280: F794-F802, 2001.-Recently, we found that aquaporin-4 (AQP4) is expressed in the S3 segment of renal proximal tubules of mice but not in rat proximal tubules. Because mice have relatively larger papillae than rats, it was proposed that the renal distribution of AQP4 in various species could be related to their maximum urinary concentrating ability. Therefore, kidneys and other tissues of Merriam's desert kangaroo rat, Dipodomys merriami merriami, which produce extremely concentrated urine (up to 5,000 mosmol/kgH 2O), were examined for AQP4 expression and localization. Contrary to our expectation, AQP4 immunostaining was undetectable in any region of the kidney, and the absence of AQP4 protein was confirmed by Western blotting. By freeze fracture electron microscopy, orthogonal arrays of intramembraneous particles (OAPs) were not detectable in plasma membranes of principal cells and proximal tubules. However, AQP4 protein was readily detectable in gastric parietal and brain astroglial cells. Northern blotting failed to detect AQP4 mRNA in kangaroo rat kidneys, whereas both in situ hybridization and RT-PCR experiments did reveal AQP4 mRNA in collecting ducts and proximal tubules of the S3 segment. These results suggest that renal expression of AQP4 in the kangaroo rat kidney is regulated at the transcriptional or translational level, and the absence of AQP4 may be critical for the extreme urinary concentration that occurs in this species. freeze fracture electron microscopy; immunocytochemistry; Merriam's kangaroo rat; in situ hybridization THE AQUAPORINS ARE INTEGRAL membrane proteins that are responsible for facilitated transmembrane water transport in a variety of epithelial and nonepithelial cell types. In mammals, 10 homologous aquaporins have been described that have different and complex tissue distributions (1-3, 6, 12, 19, 27, 28). In the kidney, principal cells of the collecting duct contain three aquaporins: aquaporin-3 (AQP3) and AQP4 are constitutive basolateral membrane water channels, whereas AQP2 is shuttled between intracellular vesicles and the plasma membrane in response to the antidiuretic hormone vasopressin. Although the role of AQP2 in urinary concentration is well established, the precise contribution of the basolateral water channels to this process is less well understood. AQP4-knockout mice have a fourfold decrease in transepithelial water permeability in the inner medullary collecting duct (4). However, the urinary concentrating mechanism was only marginally affected (25). This contrasts with the 90% reduction of the urinary concentrating capacity that occurs when AQP1 is deleted from the proximal tubule and thin descending limbs of Henle (5, 15).
THE AQUAPORINS ARE INTEGRAL membrane proteins that are responsible for facilitated transmembrane water transport in a variety of epithelial and nonepithelial cell types. In mammals, 10 homologous aquaporins have been described that have different and complex tissue distributions (1-3, 6, 12, 19, 27, 28) . In the kidney, principal cells of the collecting duct contain three aquaporins: aquaporin-3 (AQP3) and AQP4 are constitutive basolateral membrane water channels, whereas AQP2 is shuttled between intracellular vesicles and the plasma membrane in response to the antidiuretic hormone vasopressin. Although the role of AQP2 in urinary concentration is well established, the precise contribution of the basolateral water channels to this process is less well understood. AQP4-knockout mice have a fourfold decrease in transepithelial water permeability in the inner medullary collecting duct (4) . However, the urinary concentrating mechanism was only marginally affected (25) . This contrasts with the 90% reduction of the urinary concentrating capacity that occurs when AQP1 is deleted from the proximal tubule and thin descending limbs of Henle (5, 15) .
A recent study from our laboratory suggested that in kidneys of mice, AQP4 was localized not only to principal cells of the collecting duct but also to basolateral membranes in the S3 segment of the proximal tubule (25) . It was suggested that the small (10%) reduction of the urinary concentrating capacity in AQP4-knockout mice could be related, at least in part, to deletion of AQP4 from the S3 segment. In contrast, deletion of AQP3 from principal cell basolateral membranes in AQP3 knockout mice from the same membranes had a profound effect on the urinary concentrating capacity (16) , indicating that principal cell AQP4 may have only a minor role in urinary concentration. Because of species-dependent variation in the pattern of AQP4 expression in the kidney and its possible correlation with the relative size of papillae and urinary concentrating capacity, we hypothesized that this water channel might show even greater expression in kidneys of animals that can adapt to a limited supply of water by producing highly concentrated urine (25) .
The desert kangaroo rat from the Sonoran Desert in Yuma County and Gila County, AZ, was selected for this study. This species is phylogenetically closely related to mice and Wistar rats but can concentrate its urine to a level greater than 4,500 mosmol/kgH 2 O. In the laboratory, Dipodomys meriami merriami (D. mer-riami) could be maintained for longer than 6 mo on dry seeds and rolled oats without any access to water. Contrary to our hypothesis, AQP4 protein was undetectable in the kangaroo rat kidney, as assessed by immunocytochemistry and Western blotting. However, AQP4 mRNA was detectable in collecting duct principal cells and in proximal tubules by in situ hybridization and RT-PCR, whereas Northern blotting failed to detect AQP4 mRNA in kangaroo rat kidneys. These findings suggest that protein expression is downregulated at the transcriptional or translational level in these animals. The data from these kidney-specific AQP4 "natural knockout" animals, in which AQP4 protein was readily detectable in stomach and brain, strongly suggest that AQP4 is not a major contributor to the urinary concentrating mechanism in mammals.
METHODS
Tissue fixation and sectioning. Kidneys, stomach, and liver from the rodents were removed, sliced into two to four pieces, and fixed in 4% paraformaldehyde in 10 mM sodium phosphate buffer, pH 7.4, for 4 h. Slices were washed and stored in PBS containing 0.02% NaN 3. For cryostat sectioning, slices were infiltrated with 30% sucrose in PBS, placed on a support in oxytetracycline compound (Sakura FineTek, Torrance, CA) and frozen. Cryostat sections (3-5 m) were mounted on Fisher Superfrost Plus (Fisher) microscope slides, air-dried, and stored at Ϫ20°C.
Immunocytochemistry. For immunocytochemistry, sections were rehydrated in PBS for 5 min and blocked with 1% BSA in PBS for 20 min. Incubations with polyclonal AQP1 (1:500), AQP2 (1:100), AQP3 (1:200), AQP4 (1:100), AQP9 (1:200), and monoclonal H ϩ K ϩ -ATPase (1:1,000) and gp330/ megalin (1:200) primary antibodies were carried out for 1 h at room temperature. After 3 ϫ 5-min washes in PBS, CY3-conjugated goat-anti-rabbit secondary antibodies (1:800) and/or FITC-conjugated (1:60) or CY3-conjugated (1:800) donkey or chicken anti-mouse secondary antibodies in PBS were applied to the sections for a further 1 h. In other experiments, biotinylated secondary antibodies were used with a ExtrAvidin Peroxidase Staining Kit (Sigma), followed by final development using the DAB Liquid Substrate Dropper System (Sigma), counter staining with Mayer's Hematoxylin, dehydration in graded ethanols, and clearance in xylene. Immunofluorescence-stained sections were mounted using a 1:1 mixture of Vectashield and 0.3 M Tris ⅐ HCl (pH 8.9) before examination with a Nikon FXA epifluorescence microscope. The sections prepared by the ABC method were mounted with Cytoseal XYL (Stephens Scientific), and images were collected by conventional photography.
In situ hybridization. For in situ hybridization, sections were brought to room temperature and treated with 1 g/ml of proteinase K (Boehringer Mannheim) in 0.1 M Tris, 0.05 M EDTA, (pH 8.0) at 37°C for 15 min. Sections were rinsed with various buffers according to the manufacturer's specifications: diethylpyrocarbonate-H 2O, PBS, 0.1 M TEA, 0.25% acetic anhydride, and 2ϫ standard sodium citrate (SSC; SSC buffer). Sections were hybridized with sense or antisense digoxigenin-labeled AQP4 cRNA probes, which were prepared from the linearized rat AQP4 cDNA (241 bp, 528-769) and conjugated with a digoxigenin-labeled-RNA labeling kit (SP6/T7) (Boehringer Mannheim) according to the manufacturer's protocol. Incubations were carried out at 42°C overnight, and subsequently the samples were washed using a graded series of SSC buffers at RT and 37°C. Samples were incubated in a buffer that contained 2% BSA and 0.3% Triton X-100 for 30 min. It was followed by incubation with antidigoxigenin antibody coupled to alkaline phosphatase (Boehringer Mannheim) diluted 1:250 with the buffer, containing 1% normal BSA and 0.3% Triton X-100 for 2.5 h at RT, and developed with nitro blue tetrazolium/5-bromo-4-chloro-3-indoyl phosphate. The sections were dehydrated in a graded series of ethanol solutions, cleared in xylene, and mounted with Cytoseal XYL (Stephens Scientific). 
Immunoblotting (SDS-PAGE and Western blotting).
Kidneys, stomach, and liver were removed and snap-frozen in liquid nitrogen. Frozen samples were placed in 0.2 ml of lysis buffer [10 mM Tris, pH 8.0, 150 mM NaCl, 5 mM EDTA, 5 mM MEGTA, 1% Triton X-100, 1% octyl-␤-D-glucoside (Anatrace), a complete protease inhibitor (Boehringer Mannheim), and 0.2 mM phenylmethylsulfonyl fluoride]. The samples were homogenized by 10 strokes in a Dounce tissue grinder. Homogenates were spun at 12,000 g for 20 min. Protein concentration of the supernatants was determined using the Bradford assay (Bio-Rad). SDS-gel electrophoresis and blotting were done with the NOVEX-XCell II Mini-Cell apparatus (NOVEX, San Diego, CA). Protein was added 2:1 to NuPAGE lithium dodecyl sulfate sample buffer and separated through a 12% Laemmli SDS polyacrylamide minigel by using NuPAGE-Tris-tricine (pH 8.23) (NOVEX) as the electrode/running buffer. With NuPAGE transfer buffer (pH 7.2), proteins were blotted onto polyvinylidene difluoride (PVDF)-Immobilon membrane, 200-m mesh, for 16 h at 10-25 V. The membranes were stained with Coomassie Brilliant Blue stain [0.2% Coomassie Blue, 40% methanol (MeOH), 60% doubly distilled H2O] then destained (60% MeOH, 40% doubly distilled H 2O) and photographed before removing stain with 100% MeOH. Membranes were rewet in water and subjected to the "Western Breeze" protocol (NOVEX). Affinity-purified AQP4 antibody was diluted 1:1,000 in the manufacturer's primary antibody solution, and the PVDF membrane was incubated for 1.5 h at room temperature. Blots were developed using the chromogenic alkaline phosphatase assay.
Northern blotting. Kidneys, stomach, and liver were removed, washed in PBS and stored at Ϫ20°C in RNAse Later (Ambion). After homogenization of the tissues, total RNA was prepared as described (21) . Denaturing Northern gel electrophoresis (1.2% agarose/2.2 M formaldehyde) was followed by transfer (21) onto N-Hybond (Amersham). A 650-bp Pst1 DNA fragment, corresponding to nucleotide residues 53-703 of AQP4 cDNA in psp64, was isolated and used for hybridization. A glyceraldehyde-3-phosphate dehydrogenase (GAPDH) probe was obtained by digesting rat pTRI-glyceraldehyde-3-GAPDH (Ambion) with EcoR1, followed by random hexamer oligonucleotide labeling in the presence of [␣-32 P]dCTP (NEN, 3 mCi/ml) using a Klenow fragment according to the manufacturer's protocol (Pharmacia). Prehybridization and hybridization were carried out at 62°C. After overnight hybridization, membranes were washed repeatedly with 2ϫ SSC, 0.1% SDS at 62°C, and placed on film.
RT-PCR. Mouse AQP4 primers were 5Ј-CACAGTGCCT-GGGGGCCATTT-3Ј (forward) and 5Ј-TCTCCACGGTCAAT-GTCAATCACATGCA-3Ј (reverse). For the desert rodent, primers 5Ј-AAGCCAGGGAAGGCATGAGTG-3Ј (forward) and '5Ј-TGGAATCACAGCTGGCAAAAATAG-3Ј (reverse) were chosen based on a preliminary AQP4 sequence (unpublished). Five micrograms of total RNA were used and reverse transcription was carried out using the SuperScript FirstStrand synthesis system according to the manufacturer's protocol (GIBCO). One-tenth of each reaction product was subjected to PCR using PCR SuperMix High Fidelity (GIBCO) and appropriate cycling parameters.
Antibodies and controls. Antibodies against AQP2, AQP3, AQP4, and AQP9 were raised in rabbits against COOHterminal peptides (15-18 amino acids) derived from the rat proteins (24) . Antibodies against AQP1 were raised in rabbits against purified AQP1 protein from human erythrocytes (20) . The peptides, including an AQP1 COOH-terminal peptide, were coupled to keyhole limpet hemocyanin before immunization of rabbits. Whole serum was affinity purified against the immunizing peptide using a Pierce affinity purification column kit (Pierce, Rockford, IL) according to the manufacturer's instructions. Control procedures for immunocytochemistry included incubation of the tissues with preimmune serum and preabsorption of the antibodies with the immunizing peptide.
Freeze-fracture electron microscopy. Tissue pieces were fixed in 2% glutaraldehyde for 2 h and washed and stored in PBS containing 0.02% NaN3. Fragments (0.5 ϫ 0.5 cm ϫ 1 mm in size) of tissues were infiltrated with 30% glycerol in 0.1 M cacodylate buffer (pH 7.4) overnight, placed on flat copper specimen holders, and frozen in N2-cooled Freon 22. Frozen samples were transferred into a freeze-fracture apparatus (Cressington Scientific Instruments, Watford, UK). Samples were shaved with the microtome blade at Ϫ145°C and under high vacuum (10 Ϫ7 Torr) until the thickness of the remaining tissue adhering to the copper support was ϳ0.1 mm. A final knife pass was then carried out at a specimen temperature of Ϫ120°C to produce the final fractured sur- http://ajprenal.physiology.org/ face. Samples were shadowed at an angle of 45°with platinum (ϳ2-nm thickness). For mechanical support of the platinum cast, a 3-nm carbon coat perpendicular to the fracture plane was then applied. After floating off in water, replicas were digested with sodium hypochlorite solution for 2 h and then rinsed with distilled H 2O. The replicas were picked up on electron microscope grids and examined in a Philips CM10 electron microscope (Mahwah, NJ).
RESULTS
All of the aquaporin antibodies used were cross reactive with their respective antigens in the kangaroo rat. Figure 1A shows AQP1 staining in thin limbs of Henle and proximal tubules in a section of kangaroo rat kidney. This pattern of staining is similar to that seen in mice and rats (5, 20) . Figure 1B shows characteristic staining of collecting duct principal cells with anti-AQP2 antibodies, again in a pattern similar to that observed in other mammalian species (3). Typical basolateral staining of principal cells with anti-AQP3 antibodies is shown in Fig. 1C . Finally, and unexpectedly, AQP4 was undetectable in any cell type of the kangaroo rat kidney (Fig. 1D) . The inner stripe of the kangaroo rat outer medulla is shown in Fig. 2A Fig. 2C . In this case, principal cells show a strong basolateral staining for AQP4. Figure 2B shows the outer stripe of the outer medulla of a kangaroo rat kidney. S3 segments that express gp330/megalin, a proximal tubule marker in the kidney, are negative for AQP4, in contrast to mouse kidney proximal tubules (Fig. 2D) . In kangaroo rats, AQP3 staining was strong throughout the cortical and most regions of the medullary collecting ducts (Fig. 3A) , in contrast to the situation in mice where inner stripe and inner medullary collecting ducts were more weakly stained for AQP3 than outer stripe and cortical collecting ducts (Fig. 3B) .
To determine whether the absence of anti-AQP4 antibody staining in kangaroo rat kidneys was due to a lack of reactivity with the antigen in this species, we examined other tissues in which AQP4 is expressed. Figure 4A shows that basolateral membranes (green) of gastric parietal cells of the kangaroo rat were strongly stained with the same anti-AQP4 antibody that failed to stain the kidney. Compared with mouse stomach, (Fig. 4B) , the number of parietal cells stained seemed greater in the kangaroo rat. The identity of parietal cells was confirmed by double staining the sections with anti-H ϩ K ϩ -ATPase antibodies, which labeled the apical cananiculi (red).
Western blotting (Fig. 5 ) confirmed the absence of AQP4 in the kidney of the desert rodent but its presence in the stomach. When mouse kidney and stomach were compared with those of the desert rodent, the stomach of the kangaroo rat had the highest content of AQP4.
Another signature of AQP4 is its ability to form orthogonal arrays of intramembraneous particles (OAPs) seen by freeze-fracture electron microscopy (25, 26, 31) . Freeze-fracture electron microscopy showed that these OAPs were not detectable in plasma membranes of principal cells from the kangaroo rat (Fig. 6) . However, some patches or clusters of irregularly arranged intramembraneous particles (IMPs) could be detected. These clusters (but not the OAPs) were also found in basolateral membranes of principal cells of AQP4 knockout mouse (not shown; cf. Ref. 25 ) and probably reflect the presence of another water channel, AQP3, in these membrane domains.
In situ hybridization experiments, however, clearly demonstrated the presence of AQP4 mRNA in collecting duct principal cells of the kangaroo rat. Figure 7A demonstrates specific staining of collecting duct cells, and, to a lesser extent, in proximal tubules of the S3 segment. Figure 7B shows a similar but stronger staining of AQP4 mRNA in principal cells and proximal tubules of the S3 segment of the mouse kidney. The specificity of the probe used was demonstrated by preincubation of the anti-sense probe with sense cRNA (Fig. 7, C and D) or hybridization of sections with digoxigenin-labeled sense cRNA (not shown). Conversely, Northern blot analysis with a DNA probe indicated that AQP4 RNA was below detectable levels in total RNA extracts of kidneys of the desert rodent, while it was observed in the stomach (Fig. 8A, lane 1  vs. lane 2) . A strong signal was found in the mouse kidney, but the mouse stomach gave a signal weaker than that of the kangaroo rat stomach (Fig. 8A, lanes 3  and 4) . In agreement with the in situ data, however, RT-PCR indicated the occurrence of AQP4 mRNA in the kangaroo rat kidney (Fig. 8C, lane 1) , but the signal was less intense than that obtained from the mouse kidney (Fig. 8C, lane 3) . Reprobing the Northern membranes with GAPDH (Fig. 8B) indicated that RNA in each of the samples was present and sufficiently intact to conclude that expression of AQP4 RNA in the kangaroo rat kidney is suppressed compared with AQP4 RNA expression in the mouse kidney.
DISCUSSION
The major and surprising finding of this study is that AQP4 water channel protein is not expressed at detectable levels in the kidneys of the desert kangaroo rat D. merriami. This absence by immunocytochemistry and Western blotting was corroborated by the lack of OAPs Fig. 6 . Freeze-fracture electron microscopy of renal tissues. A: P-face of a lateral membrane of the principal cell found in kangaroo rat. Note the tight junction (bottom) that marks the transition between apical and basolateral membranes; the basolateral membrane does not contain orthogonal array particle aggregates (OAPs), whereas in B, OAPs in the basolateral membrane of a mouse principal collecting duct cell are evident. Bars ϭ 250 nm.
in kidney epithelial cell membranes on examination by freeze-fracture electron microscopy. In contrast to the absence of AQP4, another principal cell water channel, AQP3, was highly expressed in all regions of the collecting duct system; in mice and rats a much lower level of expression of AQP3 is found in the inner medulla. Taken together, these data show that the rodent D. merriami has a tissue-specific knockout of AQP4 from the kidney, indicating that AQP4 is not necessary for this species to concentrate its urine to levels of ϳ5,000 mosmol/kgH 2 O. Instead, AQP3 might be the important basolateral water channel involved in urinary concentration, because this aquaporin was more extensively expressed in kangaroo rats than in other rodent species examined so far.
The apparently contradictory results of RT-PCR and in situ hybridization vs. Northern blotting of the kangaroo rat kidney is probably a reflection of the variable sensitivities of these techniques for mRNA detection. Northern blots were performed on total RNA extracted from whole kidneys without amplification, whereas RT-PCR involves amplification steps. Also in situ hybridization can detect RNA that is expressed in a subset of cells in a given tissue or organ. We conclude from these data that AQP4 RNA is expressed (but at lower levels than in mouse kidney) in principal cells and in proximal tubule (S3 segment) epithelial cells of the kangaroo kidney. Furthermore, AQP4 RNA expression is not translated into protein. Thus the combination of low abundance of AQP4 RNA and absence of AQP4 protein contribute to the kidney-specific AQP4 knockout phenotype of the kangaroo rat. Differences between protein and mRNA levels are not uncommon (10, 13, 18, 24) , indicating the importance of performing parallel protein and mRNA assays when changes in gene expression in a physiological and functional context are interpreted. 2 and 4) tissues. The arrow (top) indicates that AQP4 RNA is at least 5 kb in size, whereas the occurrence of another band (dashed arrow) in the stomach sample from the kangaroo rat, lane 2, may represent a spliced form of AQP4 RNA (Fang P and Van Hoek AN, unpublished observations). B: the same RNA extracts tested for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) reactivity. C: RT-PCR of total RNA extracts using species-specific primers.
One potential concern was that the lack of immunostaining/Western blotting of kidney was due to the use of an antibody that did not cross react with AQP4 of the desert kangaroo rat. However, by screening other tissues, strong anti-AQP4-antibody staining was found on basolateral membranes of parietal cells in the stomach and glial cells of the brain, as previously found in rat and mouse (8, 9, 17, 22) . Therefore, whereas it remains theoretically possible that the kidney expresses a different form of AQP4, the antibody used in this study can readily detect AQP4 in other tissues of the kangaroo rat.
An obligatory role for AQP4 in urinary concentration is doubtful based on our present data. Studies on AQP4 knockout mice also did not indicate a critical role for AQP4 in urinary concentration (25) , acidification of the stomach lumen, or skeletal muscle function (30) . However, deletion of AQP4 seems to reduce brain edema after acute water intoxication and ischemic stroke (17), suggesting a negative role for AQP4 in this context. It has been reported that protein kinase C activators strongly stimulate the phosphorylation of AQP4 when expressed in Xenopus oocytes and that phosphorylation inhibits AQP4 activity in a dose-dependent manner (11) . Unlike other mammalian aquaporins, the water channel pore within the AQP4 protein could be gated, thus providing a potential modulatory role for AQP4 under some, but not all, physiological circumstances.
The physiology of water transport with respect to urinary concentrating ability most likely involves AQP1, AQP2, and AQP3, but not AQP4. Urinary concentration capacity relies on the presence of a gradient of urea that serves as an osmotic driving force for reabsorption of water. Countercurrent flow and the presence of urea permeability pathways are required to maintain the urea gradient, and active transport of NaCl in thick ascending limbs is thought to be a major driving force for this process. However, with emerging data from novel AQP knockout mice (27) , functional studies of oocyte-expressing aquaporins (23, 31) , as well as data examining the roles of transporters other then aquaporins (7), existing models may need to be reevaluated. The requirement for two water channels, AQP3 and AQP4, in principal cell basolateral membranes is unclear. AQP3 transports not only water, but also urea and glycerol (14, 23, 29, 32) . Some reports have indicated that AQP3 is a relatively poor water channel, whereas it has a substantial permeability to urea and glycerol. In contrast, AQP4 is a very effective water channel, but is not permeable to urea or glycerol. It is of interest that AQP3 expression is reduced in the inner medulla of mice and rats, where interstitial urea concentration is the highest, whereas it is abundantly expressed in this region in kangaroo rats.
Whereas the functional role of AQP4 in the kidney remains to be determined, it is of interest that kangaroo rats become bloated when allowed unlimited access to water (Tracy R and Walsberg G, unpublished observations). No change in AQP4 expression was detected in these water-loaded animals, even after 4 wk of exposure to water. This observation may indicate that AQP4 is in some way involved in water clearance. However, the absence of AQP4 in the kidneys of these animals clearly indicates that this basolateral water channel is not necessary for urinary concentration.
